Abstract: This work was a part of an initial study regarding the involvement of reactive nitrogen species (RNS) in paraquat (PQ) neurotoxicity. The nitrate concentration in the vulnerable regions of the brain (cortex, striatum and hippocampus) of Wistar rats was used as a measure of nitric oxide (NO) production or catabolism of the formed RNS. The tissue homogenates were deproteinized with acetonitrile and then centrifuged. Nitrate was measured in filtrated supernatants by simple and rapid isocratic ion-exchange high performance liquid chromatography with UV detection (IE-HPLC-UV) at 214 nm. The mobile phase (pH 8.5) consisted of borate buffer/gluconate concentrate, methanol, acetonitrile and deionized water (2:12:12:74, v/v/v/v), and the flow rate was 1.3 mL/min. Physiological nitrate levels (18.8 ± 6.1 nmol/mg of proteins), as well as a diverse range of nitrate concentrations could be determined with good precision (CV = 2.2 %) and accuracy (recovery of spiked samples was 99 ± 4 %) in the brain tissue homogenates. Linearity was achieved in the range of nitrate from 0-80 mM. The retention time of nitrate anion was 5.3 ± 0.3 min.
INTRODUCTION
The role of nitric oxide (NO) as an important physiological messenger that modulates blood flow and neural activity is well known. [1] [2] [3] However, NO radical (NO · ), peroxynitrite anion (ONOO -) and some other reactive nitrogen species (RNS) could have negative effects on biomolecules, and in particular, in oxidative stress induced by poisons. [1] [2] [3] The developed methods for NO · determination are technically complex and their in vivo application is difficult. 4 Nitrate, as a stabile, long-lasting endproduct of NO oxidative metabolism is used as a reliable biomarker of NO production by NO-synthase (NOS) and/or ca-tabolism of RNS in tissues, in addition to biological fluids. [4] [5] [6] [7] [8] [9] [10] From an analytical point of view, the stability of nitrate is an important property, which assures data interpretation. 2, [8] [9] [10] In order to reveal the involvement of NO in the neurotoxicity developed after intrastriatal (i.s.) administration of paraquat (PQ) to Wistar rats, nitrate levels were measured in homogenates of the vulnerable regions of the brain (cortex, striatum and hippocampus). As a redox cycling compound, PQ undergoes oxidative metabolism, depletes molecular oxygen (O 2 ) and forms the superoxide anion radical (O 2 ·-). [11] [12] [13] [14] NO, as a highly reactive molecule with a short half-life, reacts readily with O 2 ·-(6.7´10 9 M -1 s -1 ) and produces the peroxynitrite anion (ONOO -), a potent oxidant and nitrating agent. 1, 4 Possibly, ONOO -formation is one of the crucial nitrosative pathways that outcompetes dismutation of O 2 ·-by the enzyme superoxide dismutase (SOD). 15 ONOO -hydroxylates aromatic amino acids, can nitrate tyrosine (3-nitrotyrosine is a biomarker of NO-dependent oxidative stress) and oxidizes thiols and lipids. 1, 4, 11 Peroxynitrite is not the only RNS formed in the chain radical reaction between NO and ROS but it is probably the most important one. Peroxynitrite decomposition to nitrite and molecular oxygen leads to nitrate production. In body fluids most of the nitrite is converted into nitrate, therefore, nitrate, as a final metabolic product of NO metabolism, is more reliable to determine. 1, 4, 11, 12, 15 Several HPLC methods for nitrate measurements in biological fluids have been published. 4, 6, [8] [9] [10] [16] [17] [18] [19] [20] Rizzo et al. have reported results in relation to extracellular nitrate contents in the brain cortex, hippocampus and striatum dialysates, although, to date, there has been no evidence regarding nitrate concentrations in brain tissue homogenates. 4 In this study, for the first time, a sensitive, cost-effective, and simple IE-HPLC-UV method for nitrate measurement in the homogenates of the vulnerable regions of the brain of Wistar rats i.s. poisoned with PQ was developed.
EXPERIMENTAL

IE-HPLC system
The IE-HPLC system configuration included: HPLC pump (LKB 2150, Bromma, Sweden); sample loop, 50 mL; UV-diode array detector (UV-DAD) (LKB 2152, Bromma, Sweden); Anion column IC-PAK TM (based on quaternary amines) 50 mm´4.6 mm, 10 mm particle size (Waters, Millipore, Milford, MA, USA); and Anion Guard-PAK TM (Waters, Millipore, Milford, MA, USA). Wavesan EG/Nelson commander (LKB, Bromma, Sweden) was used for data processing.
Chromatographic conditions
The chromatography was performed at room temperature with a mobile phase (pH 8.5) composed of borate buffer/gluconate concentrate, methanol, acetonitrile and deionized water (2:12:12:74, v/v/v/v), with a flow rate of 1.3 mL/min. The borate buffer/gluconate concentrate consisted of 0.07 mol/L sodium gluconate, 0.3 mol/L H 3 BO 3 , 0.1 mol/L Na 2 B 4 O 7 and 3.8 mol/L glycerol in deionized water (1.6 g sodium gluconate, 1.8 g H 3 BO 3 , 2.5 g Na 2 B 4 O 7 and 25 mL glycerol were dissolved in deionized water to 100 mL). The borate buffer of the mobile phase served to adjust the pH of the mobile phase to 8.5. Calibration of the pH meter (HI 9321, Hanna Instruments, Vila do Conde, Portugal) at pH 7.01 and 10.01 was performed with standard buffers HI 7710P (Hanna Instruments, Vila do Conde, Portugal). The mobile phase was filtrated prior to use. Diode-array detection was performed at 214 nm. The injected volume of the samples was 50 mL.
A standard mixture of nitrite and nitrate was used to determine the retention times and separation of the peaks. Nitrite and nitrate concentrations were equal in the mixture solution and were in the range of 0-80 mmol/L.
Reagents
All chemicals were of analytical grade. Paraquat -Galokson ® (200 g/L), was purchased from Galenika (Zemun, Serbia); Pentobarbiton-Na -Vetanarcol ® (0.162 g/mL) was purchased from Werfft-Chemie (Wien, Austria); NaCl solutio infundibile (0.9 %) was purchased by the Hospital Pharmacy (Military Medical Academy, Belgrade, Serbia). NaNO 2 was purchased from Arachem (Kuala Lumpur, Malaysia) and NaNO 3 from Mallinckrodt Chemical Works (St. Louis, USA). Sodium gluconate, EDTA, Na 2 HPO 4 , KH 2 PO 4 , glycerol, methanol and acetonitrile were purchased from Merck (Darmstadt, Germany), sodium tetraborate and boric acid were purchased from Zorka ([abac, Serbia). Deionised water was prepared by Millipore milli-Q water purification system (Waters, Millipore, Milford, MA, USA).
Animals
The experiments were conducted on 11 week old Wistar rats of both sexes with body weights 250 g. The animals were accommodated in separate cages with free access to food and water. For adaptation, the animals were kept seven days prior to the experiment at room temperature and a circadian regimen of light/dark ratio of 13/11.
Before treatment, the Wistar rats were intraperitoneally (i.p.) anesthetized with pentobarbital-Na in doses of 40.5 mg/kg body weight. 10 mL of an aqueous PQ solution (0.25 g/L), which corresponds to an applied dose of 50 mg/kg, and 10 mL of 0.9 % NaCl (for the sham operated animals) were directly administrated in the striatum of Wistar rats. A liquid overload (amounts greater than 10 mL) could provoke a brain tissue oedema. 21 The administration was performed using a Hamilton syringe, with a stereotaxic instrument for small laboratory animals (coordinates: 8.4 A, 2.6 L and 4.8 V). 22 The experimental animals were treated according to the Guidelines for Animal Study No. 282/12/2002 (Ethics Committee of the Military Medical Academy, Belgrade, Serbia).
The brain tissues preparation
Since NOS is concentrated in the vulnerable brain structures (cortex, hippocampus and striatum) of Wistar rats, these regions were selected for nitrate measurements. The animals were decapitated 30 min, 24 h and 7 days after treatment and the heads were frozen immediately (-70°C). The brain structures -cortex, hippocampus and striatum were dissected on ice, and each tissue slice (approximately 0.1 g) was transferred into a tube of 1 ml of cold, buffered sucrose medium (0.25 mol/L sucrose with 0.1 mmol/L EDTA in 50 mM K-Na phosphate buffer, pH 7.2). Homogenization of the tissue in the sucrose medium was performed by a homogenizer (Tehtnica, @elezniki, Slovenia) at 800 rotation/min, on ice. The homogenates were centrifuged at 1000´g, for 15 min at 4°C
. The precipitates were redispersed in sucrose medium and centrifuged again. The supernatants were centrifuged at 2500´g for 30 min at 4°C and the obtained precipitates were redispersed in 1.5 mL of deionized water. After the one hour of incubation, the samples were centrifuged at 2000 x g for 15 min at 4°C and the supernatants (crude mitochondrial fractions) were stored at -70°C. 23 Proteins were determined by the Lowry method using bovine serum albumin as the standard.
After protein precipitation with acetonitrile (sample: acetonitrile, 2:1, v/v) and filtration, nitrate was chromatographically determined.
NITRATE IN THE BRAIN TISSUES
Application of the method
Nitrate was measured in the vulnerable regions of the brain of Wistar rats, i.s. poisoned with one single dose of PQ (50 mg/kg, i.e., 2.5 mg/10 mL), 30 min, 24 h and 7 days after treatment. Control nitrate values were obtained from sham operated Wistar rats, to determine the effect of PQ on NO production.
Statistical analysis
The program STATISTICA 5.0 was used to perform one-way ANOVAs and post hoc Tukey tests (0.05 confidence value).
RESULTS AND DISCUSSION
Method validation
Under the given chromatographic conditions, analysis of the standard mixture solution of nitrite and nitrate (40.3 mmol/L, middle of the employed concentration range) displayed good separation of the peaks (Rt = 3.6 and 5.15 min, respectively, separation coefficient, 1.49) (Fig. 1) . The obtained retention times for nitrite and nitrate were 3.8 ± 0.3 min and 5.3 ± 0.3 min, respectively. The specificity of the method was tested by comparing chromatograms (retention times) and UV spectra of the parent compound. The retention time of NO 3 -obtained from control samples (intact brain tissues) was identical to that of the standard solution (5.3 ± 0.3 min). Confirmation of endogenous NO 3 -(Rt = 5.2 min) was performed by comparing the UV spectra (max. absorbance at 214 nm) with spiked control samples (Fig.  2) . A peak was observed at a retention time of about 2 min in the control and spiked samples, probably originating from some extracted endogenous compound, which, however, does not interfere with the nitrate determination. No interference with any peaks was observed. The linearity of the method was checked with nitrate concentrations ranging from 0-80 mmol/L, because nitrate concentrations in this range were expected. The obtained nitrate values of the filtered supernatants were within the employed concentration range. Since the protein content in the tissue homogenates varied, the nitrate concentration measured in the filtered deproteinized homogenates were calculated per mg of protein.
Five calibrants (each of them was repeated three times) were used to construct a calibration curve. The regression analysis was expressed by the equation: y = 4886.8 x + 52089.2 (Sa = 2811.9, P < 0.00034) and a coefficient of correlation of 0.9981.
The within-assay precision was checked by repeated measurements (twenty) of samples spiked with 4.0 mmol/L NO 3 -, and the coefficient of variation, CV, was found to be 2.2 %.
The achieved limit of detection (LOD), 0.4 mmol/L, and the limit of quantification (LOQ), 1.2 mmol/L, were calculated mathematically by multiplying the standard deviation (Sd) by three and ten, respectively. However, the statistical calculation for the validation of the method was expressed as mmol/L for NO 3 -, unlike the obtained results regarding the nitrate values in the tissue homogenates, where the concentration was expressed as nmol/mg proteins for NO 3 -. Some of the cited authors obtained lower LOQ values, which may be due to the different biological material, sample preparation and chromatographic conditions. 4, 5, 19 The LOQ for NO 3 -determination (1.2 mmol/L) achieved using the present method was acceptable because the physiological nitrate levels measured in the brain tissue homogenates were 2.8 ± 0.9 mmol/L (i.e., recalculated per mg of proteins: 18.8 ± 6.1 nmol/mg proteins for NO 3 - 
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UV diode-array detection is preferable because of the possibility to scan the spectra of compounds, including nitrate (max. of absorption at 214 nm), within the range of wavelengths 190-370 nm. Neither sulfate nor chloride anions, normally present at high concentration in tissue homogenates, absorbed at this wavelength. 9 Under the given chromatographic conditions, a nitrite peak was not detected in the analzyed samples (Figs. 3 and 4) . 4, 6, 16, 17, 19 The obtained LOQ for nitrite in the analyzed standard nitrite and nitrate mixture was 4.2 mmol/L, which means that the nitrite concentrations in the samples were below the LOQ for nitrite. Also, some authors could not detect nitrite in cerebrospinal fluid. 9 A good separation of nitrite and nitrate peaks was achieved (separation coefficient, 1.49) (Fig. 1) . A run time of 7.02 min was acceptable, related to the retention time of nitrate, around 5 min.
Applicability of the method
The method was applied for nitrate determination in brain tissue homogenates of Wistar rats poisoned with PQ. A wide range of nitrate concentration was used for regression analysis, covering the highest and lowest measured nitrate values in the samples (74.1 mmol/L, i.e., 29.0 nmol/mg protein, and 3.4 mmol/L, i.e., 0.6 nmol/mg proteins, in the cortex 30 min and 24 h after PQ poisoning, respectively).
The nitrate concentrations were measured at three time points after the treatment and the obtained results are shown in Table II . The large standard deviations obtained for the samples of PQ i.s. poisoned rats were expected, based on the wide nitrate variations obtained from the controls. Other authors also found similar results for nitrate (wide variation) measured in various biological samples. Smith measured nitrate in human plasma and found them in the range of 46.8 ± 18.6 nmol/L 5 and Rizzo measured nitrate in rat brain perfusates in the range of 1-1000 mmol/L. Moreover, for basal rat cortex nitrate levels, Rizzo obtained 42.78 ± 16.6 mmol/L. 4 Preik-Steinhoff measured nitrate in human blood in the range of 5-50 mmol/L. 16 Everett measured nitrate in plasma and in rat tumour perfusates and obtained values of 7.9 ± 2.6 mmol/L and 19.0 ± 11.0 mmol/L, respectively. 19 Ellis measured nitrate in human plasma and serum in the range of 30-200 mmol/L and 20-80 mmol/L, respectively. 17 Nitrate (and nitrite) are rapidly distributed throughout the body, therefore, it is likely than the largest portion of tissue nitrate comes from NO which had previously been oxidized in red blood cells. 15, 16 Considering the wide range of nitrate concentration in blood, it could presumably be one of the key reasons for the large standard deviations obtained in the examined samples.
Nitrate levels in all three brain structures measured 24 h after PQ poisoning were significantly lower than the values observed 30 min after the poisoning. Also the nitrate measured 24 h after PQ poisoning in the hippocampus and striatum were significantly lower than in the controls (see Table II ).
Apparently, PQ metabolism interferes with NO and contributes to PQ neurotoxicity, probably through ONOO -production, which triggers lipid peroxidation in the neuronal membranes. Reaction between NO and O 2 ·-probably contributes to endogenous NO depletion (significant at the 24 th hour, see Table II ). Time and space propagation of OS was achieved almost identically in the cortex, hippocampus and striatum, which is in accordance with literature data regarding the acessibility of ONOO -to biological targets (permeability coefficient for ONOO -is 81 0 -4 cm/s, 400 times greater than that for O 2 ·-) which are restricted by their decomposition at the physiological pH (t 1/2 = 1s, 37°C). 1 Therefore, nitrate, as one of the final decomposition products of ONOO -could be used as a measure of NO involvement in PQ neurotoxicity. 4, 6 CONCLUSION In conclusion, for the first time, a method for nitrate determination in brain tissue homogenates was validated in terms of sensitivity, specificity, linearity, precision, and accuracy. The lower quantification limit, LOQ of 1.2 mmol/L shows that this method is reliable and sensitive for the determination of nitrate below patho/physiological levels in brain tissues of Wistar rats.
